Pili of Bacteroides nodosus 265 (serogroup H) were expressed in Pseudomonas aeruginosa both alone and in combination with pili from B. nodosus 198 (serogroup A). Pilin genes from B. nodosus were introduced on plasmid-borne, thermoregulated expression systems, either singly or as tandem genes from two separate strains in a single transcription unit. Despite the absence of a posttranslational cleavage of pilin which occurs in B. nodosus, pili prepared from P. aeruginosa harboring the pilin gene of B. nodosus 265 protected sheep against footrot after challenge by B. nodosus 265. Organisms harboring pilin genes from the two different serogroups of B. nodosus produced serologically distinct populations of pili on each ceHl, and pili from these cells protected sheep against footrot after challenges with B. nodosus strains 198 and 265.
Pili of Bacteroides nodosus 265 (serogroup H) were expressed in Pseudomonas aeruginosa both alone and in combination with pili from B. nodosus 198 (serogroup A). Pilin genes from B. nodosus were introduced on plasmid-borne, thermoregulated expression systems, either singly or as tandem genes from two separate strains in a single transcription unit. Despite the absence of a posttranslational cleavage of pilin which occurs in B. nodosus, pili prepared from P. aeruginosa harboring the pilin gene of B. nodosus 265 protected sheep against footrot after challenge by B. nodosus 265. Organisms harboring pilin genes from the two different serogroups of B. nodosus produced serologically distinct populations of pili on each ceHl, and pili from these cells protected sheep against footrot after challenges with B. nodosus strains 198 and 265.
Current commercial vaccines against ovine footrot consist of killed whole cells of the causative organism Bacteroides nodosus. Because of the fastidious nature of this organism and its poor growth characteristics in bulk liquid culture, vaccines are expensive, and this has hindered their widespread use by the sheep industry. In vaccinated sheep, the pili of B. nodosus are the major host-protective immunogen against footrot, and purified pili alone are able to provide effective protection against challenge involving organisms of the same serotype (8, 17, 18, 20) . An alternative approach to footrot prophylaxis may, therefore, be through a pilus-based vaccine prepared in a surrogate host with better growth characteristics than those of B. nodosus. In Escherichia coli, expression of the pilin gene of B. nodosus 198 produced a prepilin which failed to assemble into pili and merely delayed the onset of footrot infection in vaccination trials (5) . In contrast, high-level expression of the pilin gene from B. nodosus 198 in Pseudomonas aeruginosa produced pilin which was correctly processed and assembled into pili. These pili were indistinguishable from the indigenous pili of B. nodosus 198 and protected vaccinated sheep against footrot infection after challenge by B. nodosus 198 (7, 12) , which may provide the basis for the development of an alternative vaccine.
Eight serologically noncross-reactive groups of B. nodosus field isolates, designated serogroups A to H, have been distinguished by agglutination reactions that involve the pilus antigen (3). Protective immunity is restricted to each serogroup so that an effective vaccine against footrot would need to include pili from members of all serogroups. Amino acid sequence studies have shown that pilin from representatives of serogroups A (4), B and C (N. M. McKern, unpublished results), E (13), F (B. Dalrymple and J. S. Mattick, J. Mol. Evol., in press), and G (T. C. Elleman, unpublished results) are single-chain, 16,000-to 18,000-Mr proteins with very similar amino acid sequences and greater than 60% identity; expression of pilins from these serogroups in P. aeruginosa might be expected to be similar to that of pilin from B. nodosus 198 (serogroup A). On the other hand, pilins from serogroups D and H, although they have 68% identity with each other (K. G. Finney, T. C. Elleman, * Corresponding author. and D. J. Stewart, J. Gen. Microbiol., in press), form a separate subset of B. nodosus pilins which exhibit considerably less similarity (less than 40% identity) with pilins of serogroups A, B, C, E, F, and G (6). Furthermore, pilins of serogroup H differ from all other B. nodosus pilins so far examined in that they are composed of two subunits of approximately 8,000 Mr which are derived by posttranslational processing from a single-chain 17,000-Mr precursor (6) .
The purpose of the present study was (i) to ascertain the nature of the product produced when pilin from B. nodosus 265, a representative of serogroup H, was expressed in P. aeruginosa and (ii) to assess the ability of the pili produced by this surrogate host to confer protection against footrot. In addition, the subunit composition of pili produced when pili genes from both B. nodosus 198 (serogroup A) and B. nodosus 265 (serogroup H) were simultaneously expressed in P. aeruginosa has been ascertained, and the ability of these pili to confer protection against challenge by B. nodosus 265 and 198 has also been assessed.
MATERIALS AND METHODS
DNA source and expression vectors. Plasmid pTE20 was the source of both the pilin gene of B. nodosus 198 and a thermoregulated transcriptional control system consisting of the XPR promoter and the c1857 gene, which encodes a thermolabile repressor of this promoter (5) . The plasmid is a pBR322 derivative, which in E. coli permits expression of pilin under control of the XPR promoter. Plasmids pTE22 and pTE23 ( Fig. 1) were constructed for a wider host range by the transfer of an EcoRI cartridge containing the pilin gene and control elements from plasmid pTE20 to the broad-hostrange vector pKT231 (1) . These plasmids differ in the orientation of the insert in pKT231 (Fig. 1) . In organisms which harbor these plasmids, the promoter is derepressed at temperatures above 35WC, and a high level of B. nodosus 198 pilin is then expressed (7) .
A plasmid was constructed to express B. nodosus 265 pili from plasmid pTE23 and the pilin gene of B. nodosus 265 (Fig. 1) . The latter was isolated from a 3-kilobase-pair fragment of B. nodosus 265 DNA cloned in pUN121 (6) and P. aeruginosa(pTE26) grown without induction at 32°C produced only the indigenous pili of P. aeruginosa.
Identification and quantitation of pilin. Pilin was identified in sodium dodecyl sulfate (SDS)-15% polyacrylamide gel electrophoresis of cellular proteins by immunoblotting with rabbit anti-P. aeruginosa DB2 pilus antiserum or rabbit antiserum against pili from B. nodosus strains 198 or 265. The cell pellet from 0.5-ml cultures or 1% of the suspension harvested from a lawn (diameter, 85 mm) was boiled in 50 ,ul of 2% SDS-1% dithiothreitol for 2 min, and samples of about 5 1.l were applied to the gels. Purified pili were quantified by a modification of the Lowry et al. method (9) .
Vaccination and challenge. Pili preparations for vaccination were diluted in phosphate-buffered saline, mixed with an equal volume of Alhydrogel (Superfos, Vedbaek, Denmark), and then emulsified with incomplete Freund adjuvant (Difco Laboratories, Detroit, Mich.) at a 1:2 ratio. The vaccine (2 ml) was administered subcutaneously in the neck. Two doses of vaccine containing 100 ,ug of pilus protein per dose were administered with 42 days between each dose, and the sheep were challenged with about 5 x 108 B. nodosus 265 organisms per foot after an additional 14 days (19) . A second challenge with B. nodosus 198 was performed 7 months after the second vaccination. The feet of the sheep were inspected, and the lesions were evaluated at 25 and 46 days after challenge (20) . Blood samples were collected at the time of each challenge and antibody was assayed by agglutination tests (20 17 ,000 in cultures grown at 39°C which was not seen before induction or in P. aeruginosa DB2 (Fig. 2) . P. aeruginosa(pTE26) produced both this protein and the slower-migrating pilin of B. nodosus 198 in approximately equal quantities as judged by SDS-polyacrylamide gel electrophoresis of cellular products (Fig. 2) . In immunoblotting, this additional faster-migrating protein was identified as B. nodosus 265-type pilin by using anti-B. nodosus 265 pilus antiserum (Fig. 3) , whereas the absence of indigenous P. aeruginosa pilin, which has a mobility similar to that of this additional protein, was demonstrated by using anti-P. aeruginosa pilus antiserum. The mobility of the expressed protein relative to that of the E. coli prepilin product suggested that the leader sequence had been removed, but that further processing by a central cleavage as seen in B. nodosus had not occurred. The amino-terminal sequence N-methyl-PheThr-Leu, determined from a purified pili preparation, confirmed the removal of the leader sequence and the N methylation of phenylalanine at the amino terminus.
The presence of surface B. nodosus 265 pili on P. aeruginosa(pTE24) grown in culture at 39°C was demonstrated by the agglutination of P. aeruginosa(pTE24) with anti-B. nodosus 265 pilus antiserum. Immunocytochemical labeling of these cells by the double labeling technique showed pili which reacted only with anti-B. nodosus 265 pilus antiserum. Cells of P. aeruginosa(pTE26) grown at 39°C were agglutinated both by anti-B. nodosus 198 pilus antiserum and by anti-B. nodosus 265 pilus antiserum. Immunocytochemical labeling of these cells showed that pili from both B. nodosus 198 and B. nodosus 265 were present on each cell as two distinct populations with each pilus composed solely of a single subunit type (Fig. 4) . The indigenous pili of P. aeruginosa which are found exclusively in cultures grown at 32°C without induction were virtually absent from the induced cultures grown at 39°C.
Vaccination trials. Previous studies have shown that vaccination of sheep with the indigenous pili of P. aeruginosa fails to protect against footrot infection (7). Antibodies raised against these pili, although able to agglutinate cells of P. aeruginosa, were unable to agglutinate cells of B. nodosus. In contrast, pili prepared from induced cultures of P. aeruginosa(pTE24) and P. aeruginosa(pTE26) were able to induce serum antibodies in vaccinated sheep which agglutinated cells of B. nodosus 265 at titers comparable to those induced by the indigenous pili of B. nodosus. In the case of P. aeruginosa(pTE26), antibodies were also induced which agglutinated cells of B. nodosus 198 at a high titer (Table 1) . After challenge with B. nodosus 265 (Table 1) , significantly fewer sheep vaccinated with pili prepared from either B. nodosus 265, P. aeruginosa(pTE24), or P. aeruginosa (pTE26) were affected with severe footrot lesions (-3c) than the number affected in an unvaccinated control group (P = 0.001). A footscore of 3c is defined as the complete separation of the horn of the heel and is considered a severe infection (20) ; .3c is defined as complete separation of the horn of the heel as the minimum lesion, but also includes more severe lesions such as separation of the horn of the sole and abaxial wall. Extending the range of the analysis to include less-severe lesions of the interdigital skin (.2) did not alter this result. Pili prepared from P. aeruginosa (pTE24) or P. aeruginosa(pTE26) were as effective as B. nodosus pili in preventing footrot caused by B. nodosus 265. In addition, those sheep which had received pili from P. aeruginosa(pTE26) were also resistant to infection by B. nodosus 198, whereas most of the sheep which received pili from P. aeruginosa(pTE24) were susceptible to infection after challenge by B. nodosus 198. The restriction of protective immunity to strain 265 in sheep vaccinated with pili from P. aeruginosa(pTE24) and the inability of indigenous P. aeruginosa pili to protect against footrot infection indicate that the protective component of the vaccine is the foreign B. nodosus pilus rather than material from P. aeruginosa.
DISCUSSION
The pilins from B. nodosus, Moraxella bovis, Neisseria gonorrhoeae, and P. aeruginosa show a remarkably close relationship in view of the evolutionary distance of the bacterial genera. The regions amino terminal to residue 32 are virtually identical and include an N-methylated amino terminus, and sequence homology is apparent in the remainder of the molecule (6) . Pilins from these organisms are encoded as prepilins with unusually short leader sequences of six or seven amino acid residues, and this, together with the hydrophobic amino-terminal sequence, may constitute a conserved topogenic signal by which nascent prepilin molecules are recognized for transfer to a specific destination. The stringent constraints in pilus biosynthesis which have resulted in the conservation of pilin sequences appear also to confer compatibility of pilus expression between species.
Expression of serogroup H pili. Pili from serogroup H of B. nodosus differ both from the pili of other B. nodosus serogroups and from P. aeruginosa pili in that they are composed of two subunits. These subunits are derived by posttranslational cleavage of a single-chain precursor which is similar in size to pilins from other serogroups of B. nodosus (6) , and traces of residual precursor molecules can be seen in immunoblots done after electrophoretic separation of the pilin subunits from serogroup H (Fig. 3) . The mechanism of cleavage is not known, but it may merely be an artifact caused by the action of the extracellular proteases secreted by B. nodosus on the pilus at a susceptible bond unique to pilin of serogroup H.
The pilin gene from B. nodosus 265 of serogroup H was expressed in P. aeruginosa as a single-chain protein which was correctly processed at the amino terminus. This protein was assembled into pili, but it was not processed to form the two smaller subunits of approximately 8,000 Mr present in pili from B. nodosus 265. Pili assembled from the singlechain pilin were as effective as the indigenous pili of B. nodosus 265 in inducing high titers of agglutinating antibody in sheep and in preventing footrot infection. Differences in the uncleaved single-chain pilin from P. aeruginosa(pTE24) appeared to have little effect on the antigenic determinants of B. nodosus 265 pili, which are important in host protection. The capacity of the uncleaved pili to protect against footrot infection caused by B. nodosus 265 should permit pili of serogroup H to be included in a broad-spectrum, pilus-based vaccine against footrot prepared in P. aeruginosa.
Expression of multiple pilin types. Expression in P. aeruginosa of pilins from two serogroups of B. nodosus produced two distinct populations of pili on a cell, and each pilus was composed of a single type of subunit. This segregation of subunits to form homogeneous pili of each serogroup may result from exclusive interactions between identical subunits from a common pool. However, serotypic variants of pilins from a single species might be expected per se to share a common means whereby subunits interact to form polymers; furthermore, implication of the conserved hydrophobic amino-terminal region in intersubunit interactions (22) suggests that pili from a group of different bacterial species may even share a common method of subunit polymerization. Alternatively, the observed segregation of pilins from different serogroups may be inherent in the method of synthesis of pili, with each pilus being assembled from the translation products of a single pilin-coding unit from mRNA sequestered at a site of pilus assembly. Regardless of whether segregation of different subunits occurs through exclusive interactions between identical subunits or through close coupling of pilus assembly and translation, the efficacy of the pilus preparation in providing protection against more than one serogroup suggests the possibility of using fewer P. aeruginosa cultures to produce the spectrum of B. nodosus pili necessary for a polyvalent vaccine preparation.
Vaccine preparation. A pilus-based footrot vaccine prepared in P. aeruginosa offers several potential advantages over vaccines prepared from killed B. nodosus cells. The slow-growing anaerobe B. nodosus is replaced by a lessfastidious aerobe which grows more rapidly and to higher cell densities in bulk liquid culture. This will simplify vaccine manufacture and circumvent problems of maintaining stable piliation of B. nodosus during culture. Accurate quantitation of pilus preparations will improve reproducibility and standardization in the formulation of vaccines. In addition, the extraneous antigens of whole-cell preparations which dilute the effective immunogen and can lead to vaccinal site reactions are reduced with pilus vaccines (17, 18) .
The ability to express B. nodosus pili in P. aeruginosa appears to offer an efficient alternative route for production of an efficacious, pilus-based footrot vaccine, overcoming many of the difficulties associated with conventional B. nodosus whole-cell vaccines.
